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http: www.globalcarbonproject.org  
Emissions from fossil fuel use and industry 
http://www.catalyticcenter.rwth-aachen.de 
slight decline in 2015 
But don’t celebrate just yet! 
More efforts needed to reduce CO2 emission 
CO2 Utilization and Storage 
Introduction 
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I      4MeOx s  + CH4 (g)  →  4MeOx−1 s + CO2 g + 2H2O(g) 
II     4MeOx−1 s + 4CO2 (g)  →  4MeOx s + 4CO g  
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Introduction 
Requirements for oxygen storage material : 
 environmental compatibility 
 possibility to be re-oxidized by CO2 
 high redox properties 
 sufficient stability    
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Iron oxide 
(big issue) 
Aim: CO2 utilization in chemical looping process 
Redox cycles 
500 – 800°C   Reactor 
Introduction 
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Fe2O3/ZrO2@ZrO2 
core-shell nanomaterial 
Core synthesis 
Shell coating 
                         Materials 
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ZrO2 support 
Nanocoating 
Core material 
Fe/Zr(400) 
calcined at 400°C 
Fe/Zr(700) 
calcined at 700°C 
(as a comparison) 
Core-shell material 
Fe/Zr@Zr 
calcined at 700°C 
Sample Fe2O3 loading
a (wt.%) 
Fe/Zr(400) 10 
Fe/Zr(700) 10 
Fe/Zr@Zr 6 
athe actual Fe2O3 loading of the as-prepared materials is determined by ICP  
  Methods 
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structure 
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Crystal phase  
transformation 
Core-shell structure 
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Core-shell structure of Fe/Zr@Zr is confirmed by STEM-EDX mapping and EDX line-scan analysis 
Crystallite structure 
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Sample 
Crystallite sizea [nm] 
m-ZrO2 t-ZrO2 Fe2O3 
ZrO2 support 56.4 ± 0.9 75.0 ± 7.6 --
b 
Fe/Zr(400) 66.1 ± 1.1 --b 33.8 ± 2.8 
Fe/Zr(700) 64.8 ± 0.9 --b 55.3 ± 5.1 
Fe/Zr@Zr 62.3 ± 1.1 39.8 ± 5.0 35.6 ± 2.4 
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acrytalite size is calculated through Gaussian Fitting. 
bno diffraction peak present. 
 (m-ZrO2: monoclinic ZrO2; t-ZrO2: tetragonal ZrO2) 
Core-shell structure prevents Fe2O3 particles from sintering during calcination 
Main crystal phase of shell 
Textural properties 
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Uniform pore 
in ZrO2 shell 
Core-shell structure keeps 
high specific surface area 
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Redox behavior 
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2D in-situ XRD pattern during H2-TPR 
Integral intensity variation 
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H2-TPR and CO2-TPO for Fe/Zr@Zr 
incremental 
reduction  
degree 
0 4 8 12 16 20
 
Time (min)
H
2
 consumption during 
  reduction half cycle
Io
n
 c
u
rr
e
n
t 
(a
.u
.)
 CO formation during 
re-oxidation half cycle
550 C 600 C 650 C
Redox activity 
13 
CRF symposium , Blankenberge, 24-26/10/2016 
H2 consumption and CO formation signal of isothermal redox cycles for 
Fe/Zr@Zr at different temperatures. Each cycle (10 min) is composed of 2 min 
H2 reduction, 2 min CO2 re-oxidation and 3 min intermediate He purging. 
CO formation increases with temperature 
H2 consumption increases with temperature 
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Redox stability 
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CO time-average space time yield (𝐒𝐓𝐘) 
of Fe/Zr@Zr in CO2 re-oxidation half cycle  
Structure stability 
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Crystallite size, Specific surface area and pore size changes 
of Fe/Zr@Zr during redox cycling at different temperature 
stable core stable shell stable surface structure 
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Sample
Crystallite size (nm)
Fe2O3 Fe3O4 m-ZrO2 t-ZrO2
Fresh 35.6 ± 2.4 -- 62.3 ± 1.1 39.8 ± 5.0
Spent -- 47.7 ± 3.5 66.8 ± 1.2 43.3 ± 5.0
Long periodic stability 
16 
CRF symposium , Blankenberge, 24-26/10/2016 
Morphology after 100 cycles 
76 % activity remains 
CO 𝐒𝐓𝐘  of Fe/Zr@Zr during 100 redox cycles at 650 °C and  
the crystallite size changes in fresh and spent samples (inset) 
Comparative experiment 
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Comparison of CO 𝐒𝐓𝐘  during redox cycling at 650 °C  
for the materials with (●) and without (▲) ZrO2 coating Iron oxide particle size changes 
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Conclusions 
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 The Fe2O3/ZrO2@ZrO2 oxygen storage material, constructed from a 
Fe2O3/ZrO2 core and a mesoporous shell, was successfully 
synthesized by a combination of nanocoating and impregnation 
methods. 
 
 Fe2O3/ZrO2@ZrO2 core-shell material exhibits superior redox activity, 
excellent structural stability and strong capability to resist sintering for 
CO2 conversion to CO compared to the samples prepared by 
impregnation only.    
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I appreciate your patience now it’s 
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2D in-situ XRD patterns recorded during 
isothermal redox cycling for Fe/Zr@Zr at (a) 
550°C, (b) 600°C and (c) 650°C. Three redox 
cycles with different reduction and re-oxidation 
time were performed: (1) 2 min, (2) 4 min and 
(3) 8 min. The samples experienced a 
pretreatment of 5 min H2 reduction and 5 min 
CO2 re-oxidation to convert Fe2O3 to Fe3O4. 
Between reduction and re-oxidation, He flowed 
for 2 min for purging. 
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Figure (a) dynamic simulation for the multi-reactor configuration in chemical looping regime based on the 
experimental CO space-time yield (STY) of the single reactor setup. Multiple Black curves: multiple-reactor 
simulation by applying the CO space-time yield of a single reactor experiment; Blue curve: the sum of the 
contribution of all single reactors at each time step in the multi-tubular reactor concept; The red trend line 
provides a guide for the eye, representative for the time-averaged space-time yield. (b) an example for the 
calculation of the CO time-averaged space-time yield (STY) during redox cycling in the present experiments, 
which is the average value of the STYosc (in this case nox = 4) in the red rectangle area. For each redox cycle, 
the same multi-reactor simulation is performed to obtain the STY. 
 
